Abstract Large-conductance calcium-dependent potassium channels (BK channels) are homogeneously distributed along the somatodendritic axis of layer 5 pyramidal neurons of the rat somatosensory cortex. The relevance of this conductance for dendritic calcium electrogenesis was studied in acute brain slices using somatodendritic patch clamp recordings and calcium imaging. BK channel activation reduces the occurrence of dendritic calcium spikes. This is reflected in an increased critical frequency of somatic spikes necessary to activate the distal initiation zone. Whilst BK channels repolarise the somatic spike, they dampen it only in the distal dendrite. Their activation reduces dendritic calcium influx via glutamate receptors. Furthermore, they prevent dendritic calcium electrogenesis and subsequent somatic burst discharges. However, the time window for coincident somatic action potential and dendritic input to elicit dendritic calcium events is not influenced by BK channels. Thus, BK channel activation in layer 5 pyramidal neurons affects cellular excitability primarily by establishing a high threshold at the distal action potential initiation zone.
Introduction
The apical dendrite of layer 5 pyramidal neurons is an excitable structure, characterised by a high threshold action potential (AP) initiation zone in the distal tuft [43] . Neocortical layer 5 neurons receive qualitatively different inputs along their somatodendritic axis [1] . In the trigeminal system, tactile information is primarily relayed in the thalamus which projects via different pathways to the deep granular layers of the neocortex. These thalamic inputs are directly and indirectly projecting onto the soma and the basal dendrites of the layer 5 pyramidal neurons [8] . This sensory information can give rise to a sodium spike at the somatic AP initiation zone [28] which is not only propagated along the axon but also backpropagated into the apical dendrite [47] . Associative intracortical inputs impinge on the distal portion of the apical dendrite. Neither a backpropagating somatic AP alone nor isolated associative inputs to the distal tuft are usually sufficient to elicit a dendritic calcium AP. However, the coincidence of a backpropagating AP with an excitatory input to the distal dendrite effectively halves the threshold for a dendritic AP (BAC firing; [25] ). Once a calcium AP is initiated in the distal dendrite, it propagates forward to the soma where it can induce in turn a short burst of sodium APs. The mutual activation of both AP initiation zones (somatodendritic interaction) switches the spiking pattern of the cell from regular spiking to burst discharge [27] .
Dendritic conductances are decisive for the integrative properties of pyramidal cells in the hippocampus and neocortex. Dendritic A-type potassium and hyperpolarisationactivated conductances [5, 19, 32] determine spike shape and passive membrane properties, respectively. Thus, these conductances have an impact on suprathreshold and subthreshold signals. Large-conductance calcium-activated potassium channels (BK channels; [31, 39, 41] ) participate in the AP repolarisation [12, 46] . In CA1 pyramidal cells, BK channels shape the somatic AP but do not influence its backpropagation [37] . In contrast, in the same cell type, Golding and coworkers [15] showed that BK channel activation curtails dendritic calcium events. Functional BK channels were found to be homogeneously distributed all along the somatodendritic axis of layer 5 pyramidal neurons [3] . The fast kinetics of BK channels (1 ms activation time constant and 3 ms deactivation time constant under 10 μM free calcium), the high opening probability (0.69 under 10 μM free calcium) and the absence of inactivation [3] suggest a possible opening of these channels in the time course of a single sodium AP. Furthermore, the voltage and calcium dependence of these channels suggest that the emergence of a calcium AP in the distal dendrite could massively open dendritic BK channels. Their strong calcium dependence suggests in addition that subthreshold depolarisations can activate BK channels only if this depolarisation is accompanied by a local but massive increase in intracellular calcium (half-maximal activation of the BK channels at −65 and +48 mV for 10 and 1 μM calcium, respectively; [3] ). This study presents evidence that BK channels activated by depolarisation and calcium influx of both distal dendritic inputs and backpropagating APs enhance the threshold for the initiation of the dendritic calcium spike without affecting the temporal window of its activation by coincident dendritic and somatic inputs. This effect is due to a hyperpolarisation of the distal dendrite after the activation of BK channels, whilst a reduced AP propagation seems to be of less importance. Thus, BK channel activation is in the position to reduce the dendritic excitability in layer 5 pyramidal neurons.
Materials and methods
Brain slice preparation and cell identification Three hundred-micrometer-thick parasagittal slices of the somatosensory cortex were prepared from 28-to 37-day-old Wistar rats. This was carried out according to national and institutional guidelines to minimise pain and discomfort of the animals. Rats were deeply anaesthetised with halothane and killed by decapitation. The brain was removed rapidly, chilled in 0-4°C extracellular solution and then sliced using a vibratome (Dosaka Microslicer DTK-1000, Kyoto, Japan). Slices were incubated at 37°C for 15 min, and then left at room temperature until recording. Layer 5 pyramidal neurons from the somatosensory area with a thick apical dendrite were visualised by infrared differential interference contrast video microscopy utilising a Newvicon camera (C2400, Hamamatsu, Hamamatsu City, Japan) and an infrared filter (RG9, Schott, Mainz, Germany) mounted on an upright microscope (Axioskop FS, Zeiss, Oberkochen, Germany).
Electrophysiology Current clamp recordings were made from the soma or simultaneously from the soma and the apical dendrite of rat neocortical layer 5 pyramidal neurons in the whole-cell configuration (Figs. 1, 2, 3 and 4 ). An Axoprobe 1A amplifier (Axon Instruments, Union City, CA, USA) or a BVC-700A amplifier (Dagan, Minneapolis, MN, USA) were used. Electrodes were made from borosilicate glass tubing (Hilgenberg, Malsfeld, Germany) using a micropipette puller (P-87; Sutter Instrument, Fig. 1 BK channels reduce the likelihood of occurrence and the amplitude of dendritic calcium APs following somatic spike trains. a Four consecutive APs were induced in the soma with DC current injection (6 nA, 2 ms). Their frequency was either insufficient (below the critical frequency; left traces) or sufficient (beyond the critical frequency; right traces) to elicit a dendritic calcium AP under control conditions (black traces). Data were simultaneously recorded at soma (top traces) and dendrite (lower traces; 550 μm from the soma). In the somatic recording, the dendritic calcium AP is reflected as an afterdepolarisation. The blockade of BK channels with 1 μM paxilline (gray traces) increases the amplitude (right traces) and decreases the threshold (left traces) of the dendritic calcium AP as seen in a decrease of the critical frequency. b Upper part relative reduction in the critical frequency obtained from the somatic afterdepolarisation, following BK channel blockade. Lower part the area under the curve of the dendritic signal from eight cells is plotted against the somatic AP frequency and normalised to the value obtained under control conditions at 143 Hz. c Same as in a, following blockade of BK channels with 100 nM iberiotoxin (gray traces). Dendritic recording at 370 μm from the soma. d As in a, a train of four spikes was induced in the soma followed by a single spike with a 1-s delay (upper traces). The spike train had frequencies of 83, 111 and 166 Hz. Single spikes and spike trains below a critical frequency induce only small changes in intracellular calcium concentration monitored with calcium imaging at 600 μm from the soma (OGB-1, 200 μM). Beyond the critical frequency under control conditions (black traces), a large dendritic calcium event is evoked under control (166 Hz). One micromolar paxilline decreases this critical frequency to 111 Hz (gray traces). The calcium increase due to a spike train beyond the critical frequency becomes even larger under paxilline. e Left part the dendritic change in fluorescence due to the spike train was plotted against the spiking frequency. This plot reflects the larger increase in intracellular calcium concentration following a stimulation capable to activate the distal calcium AP initiation zone. Right part relative change in the critical frequency of somatic APs, recorded with calcium imaging at the distal apical dendrite (between 690 and 750 μm from the soma) following BK channel blockade Novato, CA, USA). Their resistance was 10-16 MΩ for dendritic and 6-8 MΩ for somatic recordings when filled with the intracellular solution. The access resistance, measured after gigaseal formation and every 10 min, was stable during the course of the experiment. The access resistance was 26.0±6.7 and 34.7±5.0 MΩ for somatic and dendritic recordings, respectively, at the beginning of the experiment and 27.0±7.3 and 34.7±4.7 MΩ for somatic and dendritic recordings, respectively, at the end of the experiment (mean recording time=52±14 min, n=7 somatodendritic recordings). Recordings were rejected if the access resistance increased by more than 10% of the initial value. Data were low-pass filtered at 3 kHz using the internal filter of the amplifier. The sampling frequency was 10-20 kHz. Data were digitised and stored on-line using Clampex9 (Axon Instruments). Data were analysed off-line with Clampfit9. Bridge balance and capacitance compensation was used in all recordings. Single APs were induced by suprathreshold short DC current pulses (5-6 nA, 2-4 ms duration) injected into the soma (Fig. 2a) . In order to subtract the depolarisation due to the passive membrane properties and stimulation artefacts, the cell was then hyperpolarised until the same current injection failed to elicit an action potential. Ten traces obtained either at the original or at the hyperpolarised membrane potential were averaged. Average traces obtained by DC pulse injection from a hyperpolarised potential were subtracted from the average traces obtained by DC pulse injection from the resting membrane potential. Averaged action potentials under control conditions and BK channel blockade were aligned to the AP threshold defined by the initial rise of the AP derivative. The values for AP half-width under control conditions and BK channel blockade were normalised and compared for statistical significance using ANOVA for within-group comparison with significance levels set to 0.05 or 0.01. The same statistical test was used for the analysis of the fluorescent Lower panel AP peak amplitude and half-width are normalised to the somatic AP and plotted as a function of the dendritic location under control and paxilline conditions. The blockade of BK channels reduces slightly the peak attenuation at distal dendritic locations, whilst the half-width is less affected peak induced by a somatic AP (Fig. 2b ) and for the analysis of the minimal spiking frequency of a train of somatic APs capable to elicit a dendritic calcium AP (critical frequency; Fig. 1b ). This same test was also used for the analysis of the fluorescent peak in the dendrite induced by a somatically triggered dendritic calcium AP ( Fig. 1e ) and for the analysis of the fluorescence peak induced by glutamate iontophoresis on the dendrite (Fig. 3 ). Dendritic excitability was studied by injection of 400 ms long DC pulses (0.2-1.6 nA in 0.1 nA steps) in the dendrite (Fig. 4) . The AP threshold was defined as the first current step able to induce a somatic AP. Pooled data are expressed as the mean±standard deviation (SD). All experiments were done at 34°C.
Calcium imaging
The hexapotassium salt of the calciumsensitive dye Oregon Green BAPTA-1 (K d value 170 nM; Molecular Probes, Eugene OR, USA) was used to monitor changes in cytosolic calcium concentration, whilst membrane voltage changes were recorded simultaneously. Two hundred micromolar of Oregon Green BAPTA was added to the patch pipette solution and diffused freely into the cell interior. This concentration allowed the filling of the dendritic structures of a layer 5 pyramidal cell within 30-45 min. Changes in intracellular calcium were imaged with a Zeiss Axioskop 2FS+ microscope equipped with ×40/0.8 NA optics. The light source was a 75-W Xenon short arc lamp in a monochromator (Deltaram V, PTI, Lawrenceville NJ, USA) equipped with a shutter. Excitation of the dye was obtained at 480/15 nm. A dichroic mirror (510 nm) and an emission filter BP540/25 nm were used to detect the emitted light. The increase in fluorescence of the nonratiometric dye Oregon Green BAPTA reflecting an increase in the intracellular calcium concentration could be well-detected without any binning or averaging with a low-resolution, fast CCD camera (Redshirt NeuroCCD, RedShirt Imaging, Fairfield CT, USA). The CCD camera was running under Neuroplex with an un-binned full frame rate of 1 kHz and a field of view of 280×280 μm (unbinned pixel field 3.5×3.5 μm, 80×80 pixels). Imaging data were digitised and stored on a PC using the Neuroplex software (Figs. 1d, 2b,c, 3 and 5). Fig. 4 BK channels impair dendritically evoked burst discharges. a DC current pulses were injected in the dendrites of two pyramidal cells (400 ms duration; 640 and 400 μm from the soma). Recordings from the soma (right traces) and from the dendrite (left traces) were obtained under control (black traces) or with 1 μM paxilline (gray traces). b Same as in a, but BK channels were blocked by 100 nM iberiotoxin (dendritic recording at 370 μm from the soma). BK channel blockade enables the induction of dendritic calcium events resulting in somatic bursts discharges
Glutamate iontophoresis
The high affinity and selective BK channel blockers paxilline [22] and iberiotoxin [14] were purchased from Alomone Labs (Jerusalem, Israel). All other drugs were from Sigma or Merck. Paxilline and iberiotoxin were first dissolved in dimethyl sulphoxide (DMSO) at 1 mM and bidistillated water at 100 μM, respectively. Aliquots of these stock solution were kept at −20°C and diluted 1:1,000 in the external solution directly before use. Paxilline or iberiotoxin at final concentrations of 1 μM and 100 nM, respectively, were bath applied with the extracellular solution. In the paxilline experiments, the final concentration of DMSO was 0.1%, a concentration that was found to have no effect on BK channels in control experiments. The effective BK channel blockade with paxilline occurred between 2 and 4 min after the change of the perfusion (Supplementary Fig. 3) . A similar time course was observed for the perfusion of extracellular solution containing iberiotoxin. Data obtained in the first 10 min following change of perfusate were not used for evaluation.
Results

BK channels limit dendritic excitability following somatic action potentials
A dendritic calcium AP can be initiated by coincident dendritic and somatic input (BAC firing mechanism; [25] ) or alternatively by a train of backpropagating somatic APs at a frequency higher than a critical value (critical frequency, CF; [24] ). To study the impact of BK channel activation on dendritic excitability, whole-cell current clamp experiments were performed using a potassiumbased intracellular solution containing a free calcium concentration of 100 nM mimicking physiological calcium levels [18] . We induced dendritic calcium APs with trains of four somatic spikes triggered by somatic current injections (6 nA, 2 ms, frequency range from 49 to 400 Hz). This was done in control conditions and after BK channel blockade with the specific blockers paxilline or iberiotoxin (Fig. 1a,c) [14, 22] . In the somatic recording, the dendritic calcium AP is reflected as a prominent afterdepolarisation ( Fig. 1a ; compare to [24] ). The dendritic calcium AP appears at a significantly lower CF under paxilline (1 μM) in comparison to control conditions. In somatodendritic patch clamp recordings (mean distance 540 μm from the soma), paxilline reduces the CF to 56.6% of the control (127.1±35.7 Hz under control conditions and 71.9±13.9 Hz under paxilline; p=0.003; n=7 cells; Fig. 1a,  b) . In addition, paxilline increases the amplitude and integral of the calcium AP recorded in the dendrite (Fig. 1a,b) . Similarly, the blockade of BK channels with 100 nM iberiotoxin lowers the CF to 76.4±1.6% of the control (n=3 cells) and increases the integral of the dendritic calcium AP (Fig. 1c) . Application of 1 μM paxilline in addition to 100 nM iberiotoxin does not intensify the effects observed under iberiotoxin alone.
In additional experiments, we have combined somatic current clamp recordings with calcium imaging experiments in the soma and apical dendrite. Changes in the intracellular calcium concentration were induced by trains of four somatic action potentials below and above the CF as well as single spikes (Fig. 1d) . The somatic calcium concentration increases with the number of spikes and the spiking frequency (control values; single spike=11.5±7.9% ΔF/F; spike trains below the CF=26.4±14.5% ΔF/F; spike trains above the CF=35.7±18.1% ΔF/F; n=7 cells, not shown). The calcium transients at the calcium AP initiation zone (580±172 μm distal to the soma; compare to [26] ) are small for single backpropagating spikes (mean 6.1% ΔF/F, range between 0.6% ΔF/F at 900 μm and 12.24% ΔF/F at 400 μm; n=5 imaging positions in three cells) and for trains of backpropagating spikes below the CF (mean 11.3% ΔF/ F, range between 0.8% ΔF/F at 900 μm and 22.1% ΔF/F ∆t (ms)
Norm. at 400 μm; n=5 imaging positions in three cells). However, calcium transients due to spike trains above the CF are large (mean 61.0% ΔF/F, range between 22.6% ΔF/F and 102.2% ΔF/F; n=5 imaging positions in three cells) (Fig. 1d) . The small calcium transients are due to single backpropagating spikes or groups of backpropagating spikes with a low frequency insufficient to activate the dendritic calcium AP zone, whilst the large transients are due to an activation of the calcium AP zone. In this set of experiments, under control condition, a frequency of 116.6± 23.1 Hz is found to be critical for the initiation of calcium spikes ( Fig. 1d,e; n=8 cells) . Blockade of BK channels with 1 μM paxilline resulted in a large increase of the intracellular calcium for spike trains above the CF (151.2± 4.3% of the control at somatic and 202.7±37.4% of the control at dendritic imaging sites; n=2 somatic and n=5 dendritic imaging positions; p=0.017 for all seven recordings; Fig. 1d ,e). The CF in the distal apical dendrite is reduced to 77.6% of the control (116.6±23.1 Hz under control conditions and 90.6±8.4 Hz under paxilline; p= 0.007; n = 8 cells; Fig. 1e ). Also, under iberiotoxin application, the amplitude of the dendritic calcium event following somatic spikes above the CF increases to 188.1± 63.6% of the control and reduced the CF to 76.4% of the control (n=3 cells; not shown). These data show a clear role of BK channels in setting a high threshold for dendritic calcium action potentials induced by somatic activity.
∆F/F
BK channels shorten the somatic action potential and tend to reduce its backpropagation in layer 5 pyramidal cells Different mechanisms may underlie the reduced impact of somatic spike trains on dendritic calcium AP generation following BK channel activation. One possibility is the modulation of the somatic AP shape. A sodium spike of a reduced half-width undergoes stronger attenuation during its backpropagation (compare to [6] ) and is less likely to elicit a calcium spike in the distal dendrite. In order to test this, we induced somatic APs under control conditions and with BK channel blockade. Figure 2a shows averaged AP waveforms from the same cell following stimulus artefact and leak subtraction under both conditions. The spike under 1 μM paxilline shows a significant prolongation (halfwidth=0.71±0.03 ms under control, 0.87±0.05 ms with paxilline; p=0.004; n=6 cells). This is mainly due to a reduction of the fast afterhyperpolarisation of the AP underlying the repolarisation slope. In addition, paxilline application increases the somatic intracellular calcium concentration accompanying isolated APs (Fig. 2b ). These data demonstrate the physiological activation of BK channels during a single somatic AP, an effect already expected due to the fast activation kinetics found on the single channel level [3] .
In a next step, we have investigated whether BK channel activation could affect the ability of the somatic spike to backpropagate into the apical dendrite. We used simultaneous whole-cell recordings on the soma and the apical dendrite of layer 5 pyramidal neurons and compared the dendritic changes in AP peak amplitude and half-width due to BK channel blockade (Fig. 2c) . Backpropagating APs were evoked by DC pulse current injection at the soma (400 ms; 0.2 to 0.5 nA, four dendritic recording locations between 250 and 620 μm). The backpropagating AP undergoes a distance-dependent peak attenuation and increase in half-width. In the distal dendrite (620 μm from soma), the AP peak amplitude was 13 mV under control and 21 mV under BK blockade. This depolarisation should be insufficient to open high-voltage calcium channels and, therefore, should fail to activate dendritic BK channels. However, in the distal dendrite only (>400 μm), the blockade of BK channels tends to reduce the peak amplitude attenuation. Changes in the half-width of the backpropagating AP in the distal portion of the apical dendrite are less clear (Fig. 2c) . In another set of experiments, the calcium transients induced by the backpropagation of single APs or trains of APs below the CF were studied in the distal dendrite. Calcium transients due to single spikes increase to 182.1±88.0% of the control after BK channel blockade (Fig. 2c middle panel) . Similarly, the calcium transients for spike trains below the CF increase to 175.8±61.7% of the control (n=5 dendritic recordings in three cells; distance 400 to 900 μm from the soma; not shown). The dendritic calcium transients have comparable half-widths under control and in paxilline. But one has to have in mind that the kinetics of imaged calcium transients are primarily a function of the unbinding of calcium from the dye and not of the underlying changes in membrane potential or calcium concentration [16] . In addition, results obtained with calcium imaging are always hampered by the fact that calcium-sensitive dyes do not respond in a linear fashion to the changes in membrane potential [4] . Taken together, these results show that BK channels tend to reduce the AP backpropagation in the distal apical dendrite.
BK channels reduce dendritic calcium influx via ligand-gated conductances
In addition to backpropagating APs in the apical dendrite, BK channels may also be activated by dendritic inputs opening glutamate-gated NMDA receptor channels. BK channels would prevent the depolarisation necessary to activate dendritic calcium channels and thereby the dendritic calcium action potential discharge. We mimicked an excitatory input on the distal apical dendrite of layer 5 pyramidal neurons (690-750 μm from the soma; Fig. 3a) . Following iontophoretic glutamate application (500 mM; 0.1 ms duration; +2 to +20 V pulse, n=3 cells; compare to [44] ), we imaged the changes in dendritic calcium concentration (Fig. 3b) . Glutamate iontophoresis induces a rise in intradendritic calcium concentration which is significantly enhanced following an overall blockade of BK channels (ΔF/F=1.9±0.9% under control, 3.7±2.4% under paxilline, p=0.004; Fig. 3b and insets of Fig. 5 ). Due to the amplitude of these evoked calcium transients in comparison to those obtained with a dendritic calcium AP (range between 22.6% ΔF/F and 102.2% ΔF/F under control conditions; Fig. 1d) , it seems probable that this procedure evokes only a local calcium transient but is insufficient to evoke directly a dendritic calcium AP. Whilst subthreshold activity without increase in intracellular calcium is insufficient to activate dendritic BK channels ( Supplementary Fig. 1 ), the local depolarisation due to distal glutamatergic inputs and the concomitant rise in intradendritic calcium due to the NMDA-type glutamate receptor activation seem to be sufficient to activate dendritic BK channels. In four out of 11 applications, the postsynaptic potentials evoked by the distal glutamate ejection and recorded at the soma had smaller amplitude after paxilline application than under control conditions, suggesting an increased inhibitory component (Fig. 3b,  inset, arrowhead) . The global blockade of BK channels by bath application of paxilline may have changed the inhibitory postsynaptic component evoked by glutamate iontophoresis. Even though the blockade of BK channels in neocortical GABAergic interneurons does not affect their discharge properties [11] , BK channels have been predominantly localised in axons and presynaptic terminals, including those of GABAergic interneurons [33] . Thus, the BK channel blockade might have facilitated the neurotransmitter release in this cell type. However, even in these cases, the BK channel blockade led to a bigger increase in distal dendritic fluorescence. In addition, the latency between the glutamate iontophoresis stimulation and the onset of the somatically recorded subsequent excitatory postsynaptic potential (EPSP) was identical for all cells between control and BK blockade conditions, suggesting that the increased change in intracellular calcium concentration could not be due to a variation of the iontophoresis pipette position after paxilline treatment. Dendritic BK channels dampen the depolarisation following distal glutamatergic inputs, preventing the activation of calcium conductances and, therefore, setting a high threshold for the distal action potential initiation zone.
BK channels prevent dendritically evoked burst discharges DC current pulses (400 ms, 0.2-1.6 nA) were injected in the apical dendrite of layer 5 pyramidal neurons (450-620 μm from the soma) and the voltage responses were simultaneously recorded at both somatic and dendritic locations (Fig. 4) . Following BK channel blockade, a dendritic current injection is more likely to induce somatic spikes compared to control conditions (somatic spike threshold reduced to 82.5±0.13% of the control; n=5 cells). Moreover, in four out of six cells, this dendritic current injection leads to tonic somatic spike discharges under control, but induces doublets or high-frequency burst discharges due to a BAC firing mechanism when BK channels are blocked by paxilline or iberiotoxin (Fig. 4) . We saw no evidence of a favoured propagation of the dendritic depolarisation to the soma following BK channel blockade. Indeed, if EPSP-like waveforms (peak amplitude 1,000 pA, time to peak 2.5 ms, decay time constant 5.7 ms; Supplementary Fig. 1a, upper trace) are injected in the dendrite (300 μm from the soma), the blockade of BK channels does not affect the EPSP propagation to the soma ( Supplementary Fig. 1a , middle trace). In addition, this result cannot be explained by a modification of the somatic discharge threshold if the BK conductance is blocked. Indeed, neither the somatic nor the dendritic input resistance was changed after BK channel blockade (somatic input resistance=26.2±8.0 MΩ under control and 27.1± 8.7 MΩ under paxilline; p=0.88; n=5 cells; dendritic input resistance=19.4±4.7 MΩ under control and 19.2±4.0 MΩ under paxilline; p=0.74; n=6 cells). In addition, 1 μM paxilline does not affect the mean spiking frequency of the cells following somatic DC current (400-1,200 pA, 18 s) or Gaussian-distributed noisy current injection (mean=800-1,200 pA; sigma=200 pA, 18 s) (Supplementary Fig. 2 ; n= 4 cells). No change was found in the instantaneous frequency or in the spiking frequency adaptation under paxilline.
In the presence of paxilline, the same dendritic current injection changes the spiking pattern of some cells from a regular spiking discharge to a burst discharge (Fig. 4) . BK channel blockade prevents the deactivation of calcium conductances allowing a lower threshold at the dendritic AP initiation zone. This result suggests a functional importance of BK channels in limiting the switch from a low level of excitability to a burst discharge pattern in layer 5 pyramidal neurons.
BK channels do not change the time window for BAC firing
The critical frequency paradigm used in Fig. 1 elicits a calcium spike in the distal dendrite using high-frequency somatic spikes discharges [24] . Such burst discharges of three to five APs at frequencies between 200 and 400 Hz have been reported in layer 5 pyramidal neurons in vivo firing spontaneously or following sensory stimulation [17] . The temporal coincidence of a backpropagating somatic AP and a distal dendritic depolarisation within an optimal time window (the distal depolarisation arriving 3 to 7 ms after the backpropagating AP) is the most probable way to induce a calcium AP (BAC firing; [25] ). We studied this mechanism in layer 5 pyramidal neurons with somatic patch clamp recordings and simultaneous calcium imaging of the distal dendrite (600-680 μm from the soma). A combination of a backpropagating AP triggered by somatic current injection (DC pulse, 0.6-1 nA, 1 ms) and glutamate iontophoresis at the dendrite (500 mM; 0.1 ms; +2 to +20V pulse) mimics a distal excitatory input. Using this, we have tested whether BK channels could affect the coincidence detection mechanism in layer 5 pyramidal neurons (Fig. 5) .
As expected, the peak amplitude of calcium concentration rise in the dendrite is much bigger after BK channel blockade compared to control conditions (for coincident timing between the dendritic input and the somatic AP, the dendritic ΔF/F was 6.3±1.1% under control and 14.2± 4.3% under paxilline conditions; n=3 cells). This pronounced increase in the distal dendritic calcium influx reinforces the idea of an activation of local BK channels by glutamate-gated conductances, preventing the opening of voltage-gated calcium conductances. In order to compare the time window for calcium AP induction under control and BK channel blockade conditions, the profile of the intradendritic change in calcium concentration was fitted with Gaussian functions (Fig. 5, lower part, dashed lines) . Similar parameters can be used to fit the change in dendritic calcium concentration under both conditions (mean −4.2 ms and sigma 10.1 ms under control; mean −5.1 ms and sigma 8.2 ms under paxilline; n=3 cells). This result suggests that BK channels do not affect the time window for the induction of calcium APs in the case of coincident somatic and dendritic inputs. Despite a slight attenuation of AP propagation in the distal dendrite (Fig. 2) , BK channel activation has no influence on the time window for the emergence of calcium spikes. Evidence shows BK channels in the distal dendrite act likely primarily locally to set a high threshold for the dendritic AP initiation zone. The temporal window of calcium AP activation by coincident dendritic and somatic inputs observed is consistent with previous reports [24] . The averaged latency between the onset of the glutamate iontophoresis stimulation and the rise of the corresponding EPSP observed at the soma was 8.5±0.3 ms (n=14 in three cells). Taking into account an approximate conduction velocity of 0.5 m s −1 in the apical dendrite of layer 5 pyramidal neurons [27, 48] , the EPSP is expected to peak in the distal dendrite about 7.1 ms after the onset of the iontophoresis stimulation. Using these corrections, we could observe, in accordance with previous reports [24] , a maximal calcium rise in the distal dendrite occurring for a latency of 2.9 ms between the backpropagating AP and the distal EPSP under control conditions. We observe a real boost of the calcium transient amplitude when BK channels are blocked primarily due to a local dendritic effect on ligand-and voltage-gated calcium conductances. Thus, BK channels act in layer 5 pyramidal cells as effective filters under high levels of cellular activity. They dampen the dendritic excitability and prevent bursting in this cell type.
Discussion
BK channel activation in layer 5 pyramidal cells of the somatosensory cortex depends on two biophysical parameters, namely, depolarisation and increased intracellular calcium [3] . These properties limit the influence of this conductance to suprathreshold events like somatic sodium spikes and dendritic calcium action potentials if the calcium increase is moderate (about 1 μM). The specific activation pattern of BK channels, in combination with their even expression along the somatodendritic axis, shortens APs at the soma and reduces their ability to initiate dendritic action potentials during a rise in cellular excitability. If the calcium increase is localised and strong enough (about 10 μM), moderate depolarisations around the threshold are also sufficient for the activation of BK channels [3] . In layer 5 pyramidal neurons, as in other cell types, BK channels participate in spike repolarisation [12, 23, 46, this study] . Like BK channels [3] , high-voltage-activated calcium channels are expressed at the soma and dendrite of layer 5 pyramidal neurons [21, 50] . Furthermore, a colocalisation [7] and co-activation of BK channels and Ntype calcium channels has been reported in hippocampal and neocortical pyramidal neurons [29, 49] . As Sun et al. [49] have shown in mouse neocortical neurons, the opening of high-voltage-activated calcium channels during the rising phase of the AP provides a sufficient calcium influx for the activation of neighbouring BK channels (see also [34] ). BK channel activation leads to the closing of voltagedependent depolarising sodium and calcium conductances and, therefore, hastens repolarisation. This acceleration of the AP decay was shown not to interfere with repetitive spiking of the cell because BK channels remain open only for a few milliseconds [3, 45] .
In hippocampal pyramidal neurons, Poolos and Johnston [37] report an effect of BK channels on the AP repolarisation which is restricted to the somatic compartment and conclude that the distribution of BK channels is not uniform along the somatodendritic axis. In contrast, immuno-localisation of BK channels showed their presence in both postsynaptic and presynaptic compartments of hippocampal pyramidal neurons, i.e. also in dendritic spines [40] . BK channels in neocortical pyramidal cells show a uniform distribution along the somatodendritic axis. In addition, their biophysical properties such as their voltage and calcium dependence or their kinetics are similar in both compartments [3] . This suggests that BK channel activation during somatic and dendritic suprathreshold activity is not only able to shorten sodium but also calcium action potentials. In hippocampal CA1 pyramidal cells, dendritic calcium AP duration and initiation is controlled by BK channels among other potassium conductances [15] . In this study, we show that, in neocortical pyramidal neurons, BK channel activation prevents the generation and reduces the amplitude and duration of dendritic calcium APs.
Which are the mechanisms underlying the effect of BK channels on dendritic excitability? A faster repolarisation of the somatic AP reduces the AP backpropagation into the dendrite and, therefore, the excitability of the dendritic calcium AP initiation zone due to somatic activity (compare to [6] ). In the distal dendrite, the AP filtering tends to be stronger under control conditions than under BK channel blockade. Furthermore, the calcium transients corresponding to the backpropagated spikes are larger following BK channel blockade. These findings suggest that BK channel activation tends to reduce the AP backpropagation, but this effect is of minor importance in regard of calcium spike generation.
Upon activation, the primary effect of BK channels is to change the membrane potential and thereby to affect the currents underlying the calcium AP. Indeed, BK channel activation reduced the overall integral of calcium APs. This finding is comparable to Purkinje cells where dendritic excitability is enhanced and the spread of dendritic calcium spikes is improved by the block of dendritic BK channels [9, 38, 51] . Following BK channel activation, we have shown a strong reduction of distal calcium influx triggered by glutamate application. Excitatory associative inputs arriving at distal positions on the apical dendrite of layer 5 pyramidal neurons activate dendritic glutamate receptors of the AMPA-and NMDA-type. In the olfactory bulb, NMDA receptors and BK channels are linked and their coactivation leads to membrane potential hyperpolarisation [20] . The calcium influx and the membrane depolarisation resulting from NMDA receptor activation during a dendritic EPSP presumably activate BK channels. This activation can lead consecutively to a closure of the NMDA channels via an increased magnesium block. In contrast, no activation of BK channels is found during dendritic EPSP-like waveforms. In this case, the depolarisation is not accompanied by a calcium influx. This lack of a calcium increase at the vicinity of the dendritic BK channels leads to the failure of BK channel activation. Another possible mechanism for the glutamatergic activation of BK channels is the activation of metabotropic glutamate receptors (mGluR). Indeed, the mGluR1 subtype is expressed on cell bodies and dendrites of neocortical neurons [30] . In cerebellar neurons, these receptors are found to activate BK channels [10] . Furthermore, other studies report an inhibition of the calcium signaling in hippocampal or neocortical pyramidal neurons following the activation of mGluR1 [13, 42] . This subtype of glutamatergic receptors may, therefore, modulate the excitability of the calcium AP initiation zone through mechanisms involving BK conductances.
In layer 5 pyramidal neurons, other voltage-and ligandgated conductances influence the emergence of calcium APs or BAC firing. Bekkers and Delaney [2] have shown that D-type potassium channels are expressed near the site of AP initiation. This strategic site of expression allows this conductance to regulate the somatic excitability and consequently the excitability of the dendritic AP initiation zone as well. Hyperpolarisation-activated channels have a higher density in the distal apical dendrite than the proximal region [5] . This I h conductance limits the backpropagation of sodium APs as well as the summation of coincident dendritic inputs [35] . In this way, I h increases the electrotonic distance between both AP initiation zone and impairs the induction of BAC firing in neocortical pyramidal neurons [6] . In contrast to BK channels, these leak conductances act at the resting membrane potential and can influence thereby not only APs but also the cellular integration at the subthreshold level. A ligand-gated conductance, which shunts dendritic activity, acts via GABA A and GABA B receptors. Concomitant activation of distal dendritic GABAergic inputs leads to the so-called veto effect preventing the generation of calcium APs during a long time window [25, 36] . In this respect, BK channels and GABA receptors act comparably because both conductances directly impair the generation of the dendritic AP via a hyperpolarisation of the membrane potential.
The functional role of dendritic BK channels is of particular interest in layer 5 pyramidal neurons in the somatosensory cortex. These cells receive qualitatively different inputs along their somatodendritic axis. Tactile information is relayed via the thalamus, and excitatory spiny stellate cells in layer 4, to the soma and the proximal dendrites of layer 5 pyramidal neurons. This sensory input can give rise to a sodium spike at the somatic AP initiation zone, which is backpropagated into the dendrite. On the other hand, inputs from associative cortical areas project on the distal apical dendrite of these neurons [1] . It is likely that neither backpropagated sodium APs nor associative inputs on their own induce a sufficient depolarisation to reach the high threshold of the dendritic AP zone ( [27] , but see [17, 26] for the generation of calcium APs by distal inputs alone in vivo). However, the coincidence of a backpropagated AP, together with an input on the distal dendrite, is the most likely condition to pass the dendritic threshold. This will induce a calcium AP and switch the output pattern of the cell from a regular spiking pattern to a burst discharge pattern. The triggering of calcium APs in these cells corresponds to a mechanism detecting the temporal coincidence of sensory and associative inputs. BK channels participate in setting a high threshold for the dendritic AP initiation zone by a direct curtailing of sodium and calcium APs. The activation of BK channels leads to an active decoupling of the somatic and the dendritic AP initiation zones during high-frequency input at somatic and/ or dendritic locations. BK channels would, therefore, modulate the switch between a low-excitability and a high-excitability mode and act as an active dampening filter defining the significance of coincident sensory and associative inputs.
